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I. Introduction

This dissertation describes the results of a study
of the structures of an important group of organic com-
pounds containing the peroxy grouping, -0-0-. The method
of study used here has been the estimation of the dipole
moments of these compounds from measurements of the
dielectric polarization and molecular refractivity of
their dilute solutions in a non-polar solvent.

The special advantages of this type of study have
been set .forth in several well known monographs such as
those by Debye (1), Smyth (2), end Le Fevre (3). Among
the advantages of the method for the compounds studied in
this research should be ment ioned the fact that it provides
a means of detecting the presence of groupings of high
polarity and should be helpful in distinguishing between
branched and unbranched structures, such as —8- and
-0-0-- that have been proposed for the peroxy group. It
is also one of the best methods of study of intramolecular
rotation which is an important problem in the structure
determination of the peroxides because of the non-linearity
of the arrangement of the linkages attached to the peroxy
part of these molecules. Furthermore, it often'yields
information concerning intermolecular assocliation from
the manner of the dependence of the polarization upon the

concentration. These advantages of the method were shown



in a study of polysulfides carried out recently in this
Laboratory (L) and because of the close relationship of
some of the structural features of the polysulfides and
the peroxides, this method appeared attractive for study
of the latter also.

| Indeed, as will be shown below, the determination of
the dipole moment of the parent substance, hydrogen perox-
ide, by Linton and Maas (5) has aided greatly in elucida-
tion of its structure. Furthermore, no systematic study
of the organic peroxides had been made by the dipole
moment method at the time this research was contemplated,
the only'published measurements being those of Oesper and
Smyth (6) on dibenzoyl peroxide, although there appeared
shortly after the start of the present work a study of a
small group of peroxides including di-t-butyl peroxide,
t-butyl hydroperoxide and ascaridole, by Rogers and
Campbell (7).

The compounds whose investigation is reported in this
dissertation are the following: di-t-butyl peroxide,
t-butyl hydroperoxide, cumene hydrop=2roxide, dibenzoyl
peroxide and perlauric acid. These include representatives
of tre four most important classes of organic peroxides,
viz., hydroperoxides,dialkyl peroxides, diacyl peroxides
and peracids, and this study is to the best of our knowledge
the first systematic structure study of these groups. it

1s planned to continue this study in this Laboratory to



cover more examples of these types and closely related

peroxy compounds.

Hydrogen Feroxide

Hydrogen peroxide may be re garded as the parent
substance for the peroxy compounds. For this reason it
is advantageous to discuss its structure first.

The chemical properties of hydrogen peroxide: 1ts
various reactions, oxidative, reductive, and synthetic,
and its decomposition by catalytic and photochemical
means present such a large and conflicting body of informa-
tion that it is impossible to use this information as the
sole basis of a structure assignment.

Physical investigation has proven more useful in
eliminating many of the structures proposed for hYdrogen
peroxide and in providing more geometric detail for the
acceptable configurations. A good historical summary of
the structures that have been sugrested for hydrogen
peroxide can be found in the book by Machu (8).

At the present time the most widely accepted model
for the arrangement of the atoms in hydrogen peroxide is
that proposed by Fenney and Sutherland (9). It is a
skew structure with a Cp point grouping. Their calcula-

ions show that the azimuthal angle between the plames of
the two -0H groups bonded together by the 0-0 axis 1is

determined primarily by tnhe interaction of the electronic



distributions about the two oxvgen atoms. In forming the
strongest possible bonds between the oxygen atoms, the
charge density on these atoms becomes unsymmetric about
the 0-0 axis and, together with all the other types of
interaction, fixes the azimuthal angle at about 100° as
the most stable position.  Similarly, the H-0-0 bond
angl e turns out to be 100° for their structure. This
interaction is also calculated by them to be the most
important one in preventing free rotation of the hydro-
gens about the 0-0 axis, with the result that a rather
fixed skew structure exists, the azimuthal angle and
the bond angle both being 1009. These angles are shown
in Figure 1, structure I.

Practically all of the infrared and Raman spectral
data have been correlated with this model (10,11) and
the dipole moment value measured by Linton and Maas (5)
supports this structure. However, as Herzberg (12) has
pointed out, according to Hellmann (13) the model

Z>o—ao

is also possible,on the basis of these data. Theilacker
(14) has shown that the dipole moment can also be ex-
plained with a free-rotation model . This model would,

however, result in additional unfound fregquencies in tne

Raman and infrared spectra (10).



The equality of the two oxygen atoms remains in
debate in the literature on hydrogen peroxide desplte the
evidence in favor of this equality. It is interesting
that study of the photochemical decomposition of this
substance (15) suggests two mechanlsmswhich support both
the branched and unbranched structures:

a),H2 + hy — 2HO and so

2

b) Hy0p + hY = Hy0 + 0 and so on

Tautomer ism has been suggested by Guartaroli (8)
for instance, 0

H-0-0-H = H-é-H
and Geib and Harteck (16) believed that they obtalned a
new form of hydrogen peroxide through the action of hydro-
gen atoms on axygen at low temperature. This form, ac-
cording to them, changes over to the normal form at
-115°c, with partial decomposition.

The ultraviolet absorption measurements by Riecke (17)
do not support the assumption of the existence of tauto-
meric forms, and Neiding and hazarnovskil (18) obtained
magnetic data which do not bear cut the alleged existence
(16) of a different rodification of H,0, below -110°C.

The model of Rius (19) should be mentioned here be-

cause it has a formal similarity to a model to be proposed

in this dissertation:



The model proposed in this dissertation is a folded
structure with a sz point group in which each of the
hydrogen atoms is equidistant from the two oxygen atoms
and in which the dihedral angle between the planes of the
hydrogen atoms might be equal to that for the Fenney and
Sutherland model. This model is pictured in Figure 2,

The electronic structure may be written

H
010
H

based on the following resonant forms:
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As a result of this resonance the 0-0 bond would have

o]
‘.\\;

partial double bond character, which is in agreement with
the high molecular refraction observed for hydrogen peroxide
and for which the Fenney and Sutherland structure does

not offer explanation. The refraction equivalent of a
double bond (20) for the D-line is 1.733 cc. ‘the exalta-
tior. observed for hydrogen peroxide 1s equal to

2.19 - 1.529 = 0.661 cc., indicating a large arount of

double bond character.



The resonance would also account for the weakening of
the 0-0 bond in alkaline media (21). Assuming that the
loss of a proton will not affect the restoring forces in
the 0-0 bond, i.e., will be solely a mass effect, the
0-0 frequency has been calculated for the Penney and Suther-
land model for the ion, H=0-0- - (22), to compare with
the value calculated for the H-0-0-H molecule (23), assum-
ing an aziruthal angle of 900 for the molecule. The values
obtained were 862 cm.1 for the ion and 846 cm-l, a prediction
of an increased frequency for the ion. The experimental
values obtained (21) show the reverse effect, the ion
having a frequency of 844 cm.l, the molecule 877 cm-l.
This observed weakening of the bond would be predicted for
the C,,, model on the basis that formation of the ion would
destroy the symmetry and greatly weaken the resonance
pictured for that molecule.

The superiority of the sz model over the C, structure
is apparent not cnly in its explanation of the refraction
and bond strength in the molecule, but also In the ease
with which it accounts for the chemical properties of
hydrogen peroxide.

Further cormparison of these models will be made in
connection wita the interpretations of the dipole moment
values measured in this research. It should be mentioned

at this point that the 02 model suggests the existence of



optical isomers while the CZV form does not, and tnat demon-
stration of the non-existence of such isomers would very

definitely favor the latter structure over the former.

Organic FPeroxy Compounds

Several propertlies of organic peroxy compounds indi-
cate that the linkages and their arrangement about the
ocxygens are the same for the -0-0- section of these sub-
stances as for the parent substance. The exaltation of
refraction (24,25), for example, parallels that for hydro-
gen peroxide.,

New structural features in close proximity to the
peroxy group are present in some of the types of peroxy
compounds and the effect of tnese on the nature of tne
bond as revealed by the molecular refractivity has been
considered by Milas, Surgenor and Perry (25). The equality
of the oxygen atoms of the peroxy group in this group of
compounds has been debated just as for those atoms in hydro-
gen peroxide itself (26,27,28).

This dissertation will describe the measurements and
interpretations of the dipole moments of five organo-
peroxides in benzene solution. Two of these have not been
investigated in this way previously. 1In the discussions
which follow, the moments will be considered in the light

of four possible configurations, (a) the skew model,



(b) the folded structure, (¢) the unbranched R-0-0-R"!

freely-rotating configuration, and (d) the brancned

model.



II. Experimental

Apparatus and Measurements

The apparatus and method of measurement were essen-
tially those already developed in this Laboratory over a
long period (29,30,31,32,33,4). The capacitance determina-
tions of dielectric constant were made with & high-frequency
bridge, the measuring cell being constructed of three
concentric platinum cylinders and having a replaceable
capacitance of about 177 micromicrofarads. The refractive
indices were determined with a Pulfrich refractometer
equipped with a specially designed cell to protect the sample
from moisture In the air and to thermostat it (29). The
density values were obtained with a pycnometer of 25 cc.
volume,

The oscillator of the bridge was calibtrated at seven
frequencies covering the range 0.7 to 1.37 megacycles per
second. The cell was calibrated by fillings with dry air
and dry benzene. The capacity of the cell in each dielectric
constant measurement was taken over the range of frequen-
cles specified above in order that an extrapolation to
zero frequency could be made to remove any residual induc-
tance effects (30,31). Corrections for irregularities in
the worm-drive of the precision measuring condenser of the

bridge were applied to all the readings (31).



lhe pycnometer was calibrated with pure water and the
density values were corrected for variations in ambient
humidity and pressure and were reduced to in vacuo figures.

The taermostating bath used for all the measurements
was of large size, filled with 50 gallons of transformer
011 (General Electric Transil 0il). The dielectric constant
of the oil was measured and found to be 2.221 at 30°C. The
temperature regulation was within 0.01 to 0.02°C of the
temperature used. The filling apparatus for all the
measuring cells and pycnometer was constructed entirely

of glass and was protected by drying tubes.

Methods of Celczulation

The constant temms for the equations giving the di-
electric constant, density and square of the refractive
index of the solutions as linear functions of the mole
fraction of the solute were adjusted by a least-squares
routine (32,34) and checked graphically for validity in
view of the possibility of association of solute molecules.
Association, such as takes place with acetic or benzolc
acid, would lead to non-linearity in these relations and
would invalidate the procedures used here to calculate the
dipole moments.

The Hedestrand form:lation (35,33,L4) was next applied

in several cases to these data to obtain the infinite



dilution values of the molar refractivity MRpy and of the

total polarization, P but, in general, the Halverstadt

20’
and Kumler (36) formulation was used.

The dipole momentslfg were then calculated by the
equation

= 0.01281 (P, - MRp)T] H/e
and are in Debye units (4).

A suggestion for the improvement of the values meas-
ured for substances of small dipole moments can be made
here. The true differences in the precision condenser
readings due to concentratio changes in solutions of such
substances may be less than the experimental error of the
readings such as, for example, would be caused by absorp-
tion of moisture from the ambient atmosphere. This effect
will be relatively great for dilute solutions.

In order to minimize the effect of slight contamina-
tion due to handling of the soclutions and especially that
due to unavoidable brief exposures to the air, it is sug-
gested that the dlelec*ric constant of the pure stock
solvent be measured both before start of preparation of
the solutions and at the end of the preparation, before the
solutions are measured. Then, the effect of any small
arount of moisture absorbed in handling the solvent and

solution can be dealt with by introducing the rean of

these two values of the dielectric constant of the solvent



into the least squares calculations as values of equal
weight with the solution values of 612 in the relation
€ 12 = a + bN,

For the case of solvent alone 612 =g = 61. Here €
stands for dielectric constant, N for mole fraction, tae
subscripts, 1 and 2, designating solvent and solute,
respectively. Figure 16 shows some of the aspects of the
problem.

The procedure just described has merit because (a)
the accuracy of the individual capacitance measurements
of the pure sclvent is equal to that of the measurements
of the solution, (b) the directly determined value ofé‘l
has been checked in & way that cannot be applied to the
solution values and it is used to orient the whole slope
determination (see Figure 16), and (c) a direct check on
the amount of contamination of the solutions by the highly
polar water molecules is made in view of the fact that the
pure solvent used in the final measurement will have had an
exposure to the atmosphere at least equivalent to that of
the last solution to be measured. If this safeguard
reveals a dangerously high amount of contamination, then
the solutions can be (and were in practice) discarded with
a useful savinzg in effort and with avoidance of an.otier-

wise hidden error.



This procedure with its emphasis on moisture contamina-
tion has the advantage of keeping this source of error in
the mind of the experimenter at each stage of the work: in
the design of the procedures and apparatus, in the course
of the manipulations and measurements, and in the treat-
ment of the experimental results. For example, & stream
of dry air was used to protect the solutions during the
opening of their containers and in making connections of
the containers to transfer apparatus and positive pressures
were maintained in the contalners to prevent their breath-

ing air.
Materials

Benzene.  Thiophene-free benzene was stored above
sodium and refluxed over sodium for several hours be fore
use. It was then distilled with discard of first portions.
The D-line refractive index and density were 1.4948 and
0.8676 gram per cc. at 30°C.

Di-t-butyl peroxide. A gift sample from the Shell

Chemical Corporatioh was distilled at 98.5 mm. The frac-
tion boiling at 52.5°C was used. This was the major part

of the liquid. For it, ny = 1.3841 at 30°.

t-Butyl hydroperoxide. This was purchased from the

Lucidol Division of the Novadel-Agene Corporation. A frac-

tion boiling at 51.800 under 4O mm. was taken. This was



the large fraction, comprising most of the material, and
had the D-line refractiom, 1.3958 at 30°., A lower boiling
fraction, 47-49.5° at 52 mm., was also taken for separate
measurements to duplicate the material (45° at LO mm.) used
by Rogers and Campbell.

Dibenzoyl peroxide. Materiel of 99.5% purity was

purchased from the Lucidol Division. It was recrystallized
from chloroform by addition of methyl alcohol and was dried
in a vacuum desiccator over drierite for two days.

Perlauric acid. Through the courtesy of Dr. Daniel

Swern of the Eastern Regional Research Laboratory of the

U. S. Department of Agriculture, a sample of this compound

in an exceptionally high state of purity was obtained.

This sample melted at 51.5 = 52° and had been prepared by

Mr. W. E. Parker of that Laboratory. It was used as received.

Cumene hydroperoxide. A 20 gram sample of 98% cumene

hydroperoxide in 62 grams of petroleum ether was received
as a gift from the Hercules Powder Company through the
courtesy of Dr. John H. Elliott. It was purified by &
procedure kindly provided by R. W. Ivett and T. Marshall
of that Company.

In this purification, about 41 grams of tne petroleum
ether solution of the peroxide was diluted to 150 cc. with
benzene and added slowly to 25.8 grams of LO0% agyueous

sodium hydroxide cooled to 10°C. The addition was carried



out with vigorous stirring to keep the temperature below
20°. A precipitate of the sodium salt appeared as a white
solld shortly after the start of the addition and the
1iquid became viscous, requiring the addition of benzene.
When addition of hydroperoxide was complete, stirring was
continued for fifteen more minutes and the suspension was
filtered through sintered-glass filters. The filtrate was
discarded.

The solid sodium salt was resuspended in 150 cc. of
fresh benzene, stirring below 20° until all tne lumps were
broken up. The mixture was filtered again. This washing
procedure was repeated four times in all. After the final
'filtration the solid was dissolved in a minimum amount of
water cooled to lO°, and neutralized by passing carbon
dioxide through the solution. When the solution became
nearly neutral, benzene was added to dissolve the liberated
hydroperoxide. This was removed and the agueous phase was
extracted twice more with benzene. All three benzene
washes were combined and washed twice with distilled water
to femove any inorganic salts. The benzene was distilled
off at reduced pressure on a water bath. The recovered
cumene hydroperoxide was anal yzed by the method of Seubold
and Vaughan (49) and showed & purity of 100.6% by this
method. The high result is probably due to an inherent small

error in the method of analysis.



III. Results

The results surmarized below in tabular form give
the quantities needed to calculate the polarization and
refractivity by the Hedestrand (35) or by tne Halverstadt

and Kumler (36) procedures.

The equations and symbols for the Hedestrand procedure

are:
612 = a + bN2
dip = ¢ + dNp
2 _
nD12— e + fN2

The constants a, c, e will be recognized as the pure
solvent values of the dielectric constant, density and
square of the D-line refractive index as obtained by
least-squares treatment of the measured values of those
properties for the solvent and the solutions. At the same
time, b, d and f are the slope values in the linear rela-
tion between the solution values of those same properties
and the mole fraction of the solute, also obtained by the
least-squares routine. The molar polarization PZO of the
solute at infinite dilution and the molar refractivity
MRD of the solute obtained by the Hedestrand farmulation
from these values, together with the dipole moment

in debyes as obtained from the polarization and refracti-

vity, are also tabulated.



Where the Halverstadt and Kumler method of calcula-

tion was used another set of symbols applies:

612 = a + gw,
= h +

;'12 no* g

n = e + kw

D12 2

Here we show the weight fractim Wo Instead of mole
fraction for the solute and specific volume Vi2 instead of
denslty for the solution. The Halverstadt and xumler

method is somewhat simpler than the Hedestrand method.



Table I

The moment of di-t-butyl peroxide in benzene

Temp. a b c d e £ mmo zmw M}C
30 2.2628 0.376 0.8674, -0.173 - - 60.86 L3.1 0.94
Tanpe. a g h 3 e k mmo zmb

30 2.2629 0.305 1.15299 0.056 2.2353 =-.303 60.86 L3.1 0.94

50 2.2231 0.2015 1.18180 0.1069 60.05 L43.1 0.95

a. Rocers and Campbell found \bbn 0.92 at mmoo in

benzene, their Pyy and MR values being 60.78
and 43.44.



30

50

50

Table I1I

The moment of t-butyl hydroperoxide in benzene

g h J e k Pog zmw
2.2622 3.46 1.15162 0.0483 2.2349 =-0.373 91.1 2L.L
2.2630 3.60L4 - - - - 93.7 "
2.2220 2.984, 1.18071 0.0326 - - 85.1 "
NoNH@W uoooo - - - - mm.m "
a. Rozers and Campbell found = 1.87 at mmoo in benzene,
their mmo and MRy values being 95.80 and 24.52.

a

y7e

1.82

1.86

1.79

1.81



Table III

The moment of cumene hydroperoxide in benzene at uooo

a fod h J e k mmo zmu \b¢

2.2630 2.1717 1.15296 -.19412 2.2327 0.0492 106.14 43.95 1.76

2.2625 2.302 1.15300 -.19237 - - 109.91 L43.95 1.81



Table IV

The moment of dibenzoyl vowo%»mm in benzene at uooo

a
a b c d e f M.NO wa \&\

2.2627 3.707 0.86733 0.8127 2.2320 0.53 112.85 64.70 1.55

a. Oesper and Smyth obtained the value = 1.58
at 45°C in benzene, their Fog and MR, being

110 and 63.



Table V

The rmoment of perlauric acid in benzene

Temp. a g h J e k Foo xmu A
30 2.26241 2.28532 1.15270 =-.04674 2.2355 =-.223 164 .95 61.342 2.27
{(mean (theoret.)
of two 60.5 (obs.) 2.28
det.)
50 2.2231 2.2267 1.18166 -.06143 - - 165.92 61.342 2.35

(theoret.)
60.5 (obs.) 2.36



IJV. Discussion

It should be noted in the discussions of the observed
moments in relation to the several models of the peroxy
structure that the individual bond moments expected
will vary from structure to structure.

For the model I we will use the Rogers and Campbell
(7) values, 1.71D for the H — 0 moment, and 0.62 for
the ¢ — 0 moment. It 1s also appfopriate to follow
their choice of Y - 100° and 6 = 105o where the size
of the attached groups does not rule otherwise (7).

For the model III the H=——O moment’should be 1.66D
with our choice of azimuthal angle (100°) and the Linton
and Maas (5) value of M (2.13) for hydrogen peroxide.
The C — O moment should be 0.62D based on the moment of
di-n-propyl ether by the same reasoning as used for the
Co model (7).

For the free-rotation model it can be shown that
the resultant moment is the same as for a fixed skew-struc-
ture with ‘f = 90° which would give the H —0 moment as
1.56D on the basis of the observed hydrogen peroxide
moment. But the absence of free rotation in hydrogen
peroxide as evidenced by its Raman and infrared spectra
(10) rules out this cholce anmd we shall turn to the

1.71D value of the C, model for assignment to the H—>0



bond where free rotation may be thought to be a possi-
bility. This somewhat shaky basis of choice turns out
to cause no difficulty in the one case in which it has
irportance.

The branched structure causes real difficulty in
the assignment of bond moments. Uncertainty concerning
the mature of the 0-0 bond irn this molecule makes it
truly difficult to partition the hydrogen peroxide
moment into H —0 and 0-0 moments.

The structure

H
0o

would probably have a moment lower than 2.13D, there
being no great separation of charge and l1ts moment would
probably be close to that of water, 1.84D. In any case
this structure is imorobable due to the fact taat there
is no evidence that oxygen can e xpand its valence shell
to ten electrons.

The structure

H
H ::o:: 0
contains a dative bond between the oxygen atoms which
might be expected to be highly polar and to be disposed

in the sense of the combined H — 0 bond moments. As-~

suming any reasonable H-0-H angle, the variance of the



anzle 7{ between the 0-0 bond and the bisector of the
H-0-H angle (see Fig. 1, IIb) will have a large effect
on the moment of the molecule, and hence onbthe value
assigned to the 0 —0 moment. For example, taking the
water value for the H — (0 moment, 1.51, the H-0-H angle
as 100° and/}/as 90°, the 0 — 0 moment would be 0.88D,
which appears too low for a semipolar bond (37).
Decrease in X would give a higher value to the 0 —0
moment as also wbuld wideningz the H-0-H angle, but these
changes cannot be independent of each other because they
would not account for the sharp decrease in moment in
the series hydrogen peroxide, t-butyl hydroperoxide and
di-t-butyl peroxide.

Rather, it would appear that of the parameters
involved, the‘}ivalue and the valency angle might vary
from peroxide to peroxide. The possibility of the
existence of the branched arrangement of the peroxy group
appears remote at this stage, but a re-evaluation may
be possible when a greater number of simple peroxides
and hydroperoxides have been studied. In the re-evalua-
tion, an adjustment of these parameters in a systematic
way may produce some evidence for this structure. From
the moment values available, viz., those for hydrogen
peroxide, t-butyl hydroperoxide and di-t-butyl peroxide,

we have attempted a limited adjustment of the bond angle



and the 0 — 0 moment, keeping Xat 900, H— 0 at 1.51D,
and R —0 at 1.02D. Taie results are fairly reasonable
for the bond anales: 900 35! for the hydroperoxide and
hydrogen peroxide and 125o 551 for the di-t-butyl perox-
ide only when 0 —0 is 0.15D, but this moment is surely
too low.

The investigators who have used other methods such
as infrared and Raman spectroscopy favor the 02 rodel
because it accounts for the Raman lines reported by
Venkateswaran (38) and by Simon and Feher (39, see also
40,12,41,42,43). The sz model accounts for these lines
also. In any case, not all the frequencies have been
conclusively identified for the Cy model and the assign-
ments have not been made for all the observed bends (12,43).
The Cp structure has covalent single bends and Giguere
and Schomaker (L&) undertook investigation of the hydro-
gen peroxide molecule by electron diffraction in order
to determine the oxygen-oxygen covalent single bond
length. The X-ray investigation made by Lu, Huches and
Giguere (45S) on the addition compound of urea and hydrogen
peroxide gave the azimuthal angle as 1060. The wvalue
obtained by Abrahams, Collin and Lipscomb (L6) for
hydrogen peroxide itself by X-ray dif fraction was 9&0.

They also found the bond angle H-0-0 was 970.



Di-t-butyl peroxide

As the results 1In Table I show, the measurements
at 30° and 50°C give practically tne same value for the
dipole moment of di-t-butyl peroxide, 0.94 and 0.95D,
respectively. This might mean that there 1s no change
in the rigidity of the molecule in the form with a
02 point-group symmetry in this range of temperature.
At first glance an alternate explanation might appear to
be that rotation to the full extent possible has already
set in at 309, because as is shown by the Fisher-Taylor-
Hirschfelder atomic models there can be no possibility
for completely free rotation about the 0-0 axis. Only
an angle of 120° 1is open to rotation, or, more correctly,
"libration." This alternate explanation is ruled out,
_however, because the moment for such free libration would
be only 0.58D, and our data fit the rigid structure,
showing no free rotation or libration.

This rigid Penney and Sutherland structure (the
02 structure) accordéing to the F-T-H models can have an
azimuthal angle, ¥ , no smaller than 118° for di-t-butyl
peroxide. In this set of models, the oxygen atoms are
cut for a valency angle of 1109, whereas in our earlier
discussions, following Rogers and Campbell, we have taken
it to be 1050, which would force the azimuthal angle to

a greater value. The dipole moment for di=-t-butyl



peroxide with 6= 1050, f>= 1200, the C — 0 moment

0.62D and the (CHB)B;C- moment O.4D will be 0.99D (see
Figure 8) which is not greatly different from our measured
value.

For the C,, structure, if ¥ 1is taken as 125o and
the bond moments are taken the same as discussed earlier,
the predicted moment would be 0.94D. We do not imply
that this figure favors the 02v structure over the 02
structure, because the value ?7=‘1250 is probably too
low for the CEV structure. On the other hand, while use
of more correct values of‘P would give predicted moments
in better agreement between the experimental values ard
the Co model, we point out tnat more correct values of
the C — 0 bond moment would bring tne sz model into
better agreement with tne experimental value and Co into
poorer agreement: so that in tie net, we must conclude
that we cannot favor either one c¢cf the two models over
the other. To explain the better choice of the C -0
moment value, we point out that it 1s probably greater
than 0.62D by en amount proportional to the increase in
the H =0 moment in hydrogen peroxide over its moment in
water (1.71 to 1.51 in one case, 1.66 to 1.51 in the
other).

The plots of P2N2 against N2 for our measurements

of this substance were good straight lines and passed



through the origin, indicating that in tie concentration
range we used there is no association of the di-t-butyl
peroxide in benzene (47). These Hoecker plots are shown

in Figure 3.

t-Butyl hydroperoxide

Using the 30o and 50O values deterrmined for the main
fraction (51.8° at 4O mm.) we take 1.81D as the experi-
mental value of the electric dirole moment for t-butyl
hydroperoxide. The much smaller fraction which.corres-
ponds to the fraction used by Rogers and Campbell (7)
gives a hisher moment in agreement with their value.

This fraction is certainly not pure t-butyl hydroper oxide
and we reject their value, 1.87D, for the moment.

As for di-t-butYl peroxide, the Hoecker plots, here
shown as Figure 4, are linear and pass through the origin
as required for a non-associated solute.

| For a rigid skew structure with‘f==]ﬂ0°, 6 = 1050,
H~0=1.71D, C —0 = 0.62D, and (CHB)BEC = 0.4D, tne
moment is 1.78 as shown in Figure 9 (see also reference 7).
Almost the same value 1.79D results for the structure III
(see Figure 11) using the same azimuthal angle and moments
as fa the structure I, except that H—*0 is taken as

1.66D as discussed earlier.



The agreement of the I (Fig. 1) and III (Fig. 2)
structures with the experimental value is szood in both
cases in view of the uncertainty in the values of the
parameters used. The best evidence in favor of the
I as opposed to tnhne III form would be the separation of
the hydroperoxide into optically active forms. It 1s
interesting to note that in the case of the hydroperox-
ide, but not for the symmetric percxides or hydrogen
peroxide, the branched structure IIb in Figure 1 should
be resolvable into optical 1isomers.

From consideration of the dipole moment data
together witn the bulk of the groups, one would conclude
that the C-0 links do not rotate fully about the 0-0
axis in t-butyl hydroper oxide, as shown in Fig. 11
completely-free rotat ion would result in a moment of
1.93D. This calculation assumes,contrary to fact, that
no steric effects are present. The F-T-H models show
that only with the help of an improbable, closely-
synchronized motion of the methyl groups witain the
butyl group can the hydrogen atom at the other end of
the 0-0 axis be rotated about tnat axls without toich-
ing upon the spheres of repulsion about the methyl
hydrogens, and even in this case the clearance is very

small. In view of the probable motions of the methyl



groups a restricted libration would result, and we note
that this would predict a moment smaller than the experi-
men tal value, 1.81D. It turns out that the dipole

moment data for this molecule do not provide a means cf
distinguishing sharply between a completely rigid struc-
ture and one with a large oscillation of the linkages
attached to tne 0-0 axis. In this situation we turn

back to the findins for the di-t-butyl peroxide mole-
cule that the structure is rigid to say that in all
probability the same behavior is shown for this closely

related molecule, t-butyl hydroperoxide.

Cumene hydroperoxide

The mean of the two observed valwes, 1.76 and
1.81p, is 1.78D. Thé Hoecker plots (see Figure 5)
are truly linear and pass through the origin.

Frediction of the mcment from assignea values of
the moments of the constituent bonds in this molecule

must take into account the C6H5-—C moment and the
CH

rotation of the Céﬁi;c-'group about the C-0 axis.
CH3

This is difficult in view of the present uncertainty

about the value to ascribe to the C6H5'_'C moment .

Figures 9,10,11 and 12 show that, assuming complete



rotation of the phenyl and methyl groups about the

C-0 axis, only a small range of values can be assigned
to the CéHS-——C moment in order to bring the moment for
the molecule lower than the moment for t-butyl hydro-
peroxide as calculated. On eit1er side of this small
range, the resultant moment of the molecule will be
greater than for t-butyl hydroperoxide. To minimize
the moment of cumene hydroperoxide, the moment of the
CeHg — ¢ bond turns out to be about 0.15D (as based on
structure II1) and this gives a value of 1.77D for the
moment of the molecule in good agreement with tae ob-
served value. This assignment of 0.15D to the
CéHf-f—C'moment is tantamount to an assignment of the
same value to the H —C mcment for an aromatic C-H link.
The whole calculation is based on the usual assignment
of 0.4D to the CHB-'C bond moment and the assignment
of 0.62D to the C =» 0 moment. in an effort to check
this calculation by application to other molecules
where the same substitution of CéHS for CH3 is present,
we did not find a sufficient amount of accurate dipole

moment data available.

Ferlauric acid

‘The observed moment for this compound is 2.28D at

30°C and 2.36D at 50°C. The hoecker plot was made for



the 30°C data (see Figure 7) and is a straignt line
through the arigin. To investigate possible effect of
decanposition of the perlauric acid taking place at the
higher temperature, the dielectric constant of the solu-
tions measured at 500 were rereasured later at 30°C and
found the same as the original measurements at 30°¢.

The observed values are much lower than predicted
for either the model I (2.96D) and for the structure

0

i
C..H..C-0-0-H with free rotation about the 0-0 axis

11723

(~3 D). The structure proposcd by Giguére and Olmos (48)
for peroxycarboxylic aclds (see Figure 13) should be con-
sidered in viéw of their strong evidence for intra-
molecular hydrogen bonding in such acids. They investi-
gated the spectra of performic and peracetic acid and
came to the conclusion that these peracids contain
chelate structures of planar or slightly puckered con-
figurations. They suzgest that the electrostatic at-
traction of the carbonyl oxygen for the hydrogen atom

{s sufficient to overcome most if not all of the poten-
tial barrier (4-5 kcal per mole) restricting rotation
about the 0-0 bond.

As shown in Figure 13, the H-0-0- angle 1s 1000,
a value 50 lower than that In hydrogen peroxide to

account for the replacement of a hydrogen atom by an



electronegative group (48). They think that thelr estim-
ate may be conservative for this effect. This model
gives 1.76D for perlauric acid. If we assume another

5° narrowing of the H-0-0 angle and that the ring is
puckered even for an azimuthal angle of 300, the result-
ant dipole moment is helghtened to 2.05D but remairs

far lower than the observed value. Better agreement
with experiment would result if tne C —O mcment were

taken greater than 0.62D.

O§§ H

If we turn to the /C-0< branched structure and
R 0]
b

assign a value of 100° to the H-0-0 angle and a value
of 0.29D to the 0~ 0 bond moment, we get a value of
~3D for the molecule on the assumption of free-rotation
about the C-0 bond and coplanarity for the C-0, O-H
and 0-0 bonds. If a branched skew structure (ILb;
Figure 1) is present as discussed earlier for the
branched model a larger moment would result from free
rotation, but for this structure greater proximity of
the carbonyl ocygen (a) to either the b oxygen{atbm or
the hydrogen atom will hinder rotation and lower the
moment to a value closer to the observed value.

For the structure III, the average moment for

rotation around the C-0 axis would be 2.91D. The inter-



action of the carbonyl oxygen with the other oxygens
and with hydrogen should be taken into account in the
rotation. The moment values for the limiting cis- and

trans- arrangements

O H
R 8 E R é 0
- ! Sl \..'/:.
0 OH
cis trans

would be 1.07 and 3.97, respectively, the cis position
should be favored over the trans position due to the
attractive forces between the hydrogen atom and the
carbonyl oxygen in the cis arrangement. The "oauche "
arrangements in which the carbonyl oxygen is in closest

proximity to either of the other oxygen atoms

gauche form
would not be favored for 1t would cause a2 repalsion
between the oxygen atoms. It is possible therefore to
have a moment resulting from the model III which would
be close to the experimental one. Increase in tempera-
ture would also be expected to raise the moment as ob-
served since the rotation would be able more readily to
surmount the barriers indicated at the several stages

of rotation.



Dibenzovl peroxide

Apparently, the moment of this molecule is little
affected by temperature. Our value at 30°C, 1.55D,
is 1little different from the value 1.58D obtained at
hSoC in the same solvent, benz~ne, by Oesper and
Smyth (6). It is obvious that in the absence of special
effects all of our guiding models, the 1II, I, free-
rotation and branched models, would predict a higher
value than that observed. The nature of the factors
producinq the observed value will be better disclosed
after study of related substances, such as perbenzoic
acid, t-butyl perbenzoate and diacetyl peroxide, have
been made.

lThe Hoecker plot for dibenzoyl peroxide was also

linear and passed through the origin (Figure 0).



V. Summary

The electric dipole moments of di-t-butyl peroxide,
t-butyl hydroperoxide, cumene hydroperoxide, periauric
acid and dibenzoyl peroxide have been measured in ben-
zerie at 30°C. T™e moments of the di-t-butyl vperoxide,
t-butyl hydropercxide and perlauric acid were also
measured at SOOC. The se measurerents represent the

irst reported values for cumene nydroperoxide and
perlauric acid.

The measured moments have been discussed in rela-
tion to four principal structural confligurations, viz.,
thé Fenney and Sutherland rigid skew-structure I which
has a C2 point-sroup symmetry in the parent substance
(H202)’ a freely rotatinsg structure wnici at any in-
stant has a Cp point-group symmetry in Hp0p, @ branched
structure containing an 0 —0 semipoiar bond [Ia and
IIb, and a model III orisinal with this di ssertation
and which has a C2v point-group symmetry in HZOZ‘

For di-t-butyl peroxide, t-butyl hydroxide and
cumene hydropefoxide the observed moments support about
equally the { and III models and indicate that practically
no rotation of the 1inkages about the 0-0 axis takes
place. 1t is noted that & choice between these two
structures could be made by i{solation of optical isomers

for these molecules, the skew model predicting their



existence, the model III ruling them out. In the case
of cumene hydroperoxide the assignment of bond moments
brings into discussion the moment of an aromatic C-H
link and the calculations lead to an assignment of the
value 0.15D to that linkage.

Perlauric azid shows a moment which may be explained
with only moderate success about equally well with the
III and IIb structures and with a chelated structure
proposed by Giguere and Olmos for peracids.

The moment for dibenzoyl peroxide appears to be
very little affected by temperature and this may indi-
cate that its structure is rigid. Any further inter-
pretations of the moment value must await measurements
on related compoundse.

The dependency of the polarization on concentration
was studied in this work and has shown that the mole-
cules of the solute peroxide are not associated at the
studied concentrations.

An improved procedure has been demons trated for
the determinations and calcul ations in dealing with

small dipole moments.



I.

\*P
3
6\7/ fide view
H
C, Model







[Di-T- bufyl peroxide

MNP




t-Butyl hydroperoxide.

0.0075

0.0t




Curnene hya’roper'oxide.

0.0t




D:-
benj oy( P eroac/c/e.7
/

.0l




/Der/aurjc acid.

0.0075

W

0.0




Di-t- buly/l /oorax/c/e. Di/ao/e rorrenl
for C, #»mrodel.

Hi=lb-e)+9"

f is The sum of vectors
for H(.° ardf /‘{(ru“&,c ; 4[( = . 992‘

€ =062 +0% =102D.

a, b, e a.ndj ate
,oer/oenalieu lar or /
parallel te each other \J <
adderida into which SN
both o/[ vectoys are

di‘u:’d¢d .
']
e=b5n30" 1.02 Cos/S°Sin30° o
b = 1.02 Cos/5° = .9853
g = b Cos 30° =~  §533
e =~ . 4726
S
] &
j‘/"7oe’“{'.(«/ar o The /o/ane v/ e
& 2
¥ 4 o
W /s 05~ o O /20
Q 108
> R R
()
Q




L’-Butyl hydroperoxide. Dipo/e momenT
for skew StTructuarc.

M%Z(b-p) v (f-a)sh”

23 a"o/b Sasmae as ‘n ‘71-(7 g H = /- 78 D.
P o= 1,77 Cos /S °S;nl0°=.28658

Fo= L7 SinlST L 4426
h = 1.7/ Ca}/’a(’c;»/o.: /. 62(/

1.7/ 75 valae /[""' NH-'O .

ﬂr maanr'nJ °1‘ /) )/ ahc/ A Cam/aa2<
thi's %j- W'f‘ Tvyv g. [’-7/": L"+/u1'+/7-)

A A 'S pcr/aeno(.'cu/ar to the [Jlane
R e

f
/ HOO0 = L Cog = 105°
Y =100°




Cumenre Ayc/roperax ide.

'D:'/na/e moment /or— swew structure.

ﬂ:—: (l’(o .bl-f)') +{ht+f,')f_r\—

The moment o/ H-O

’s dl'lll'deﬂl here 'm /l‘na//b,
. When 2 = 8 D
which are f:ara//e/ or
K and r M =/‘7GD'

/aarfeno(:'cu far To
re sitions

i Therr meanr

(cHe —c wmomenl = O

CH
CH:>C f—nomen7 = . %462
g = x + .462
- - —
- K T+ r and ig;-/(i-fr-"’

L K and ~r rofafes around k as an axes .

A/ - ) ‘
w1

KLe¢o .
thc/(aat ,/- Pahd f as "

peper P e

tj LpBoC =
p'= § Cos tAOB=S Cosy2= . 3712

f’: ¢ Sin Y3.° . 3522%

It can be S {ram the nafure

/ af eg. that on/] a :ma//("ana-yc
. fer valuaes of o sl mane The

| total d:'fo/e momend for- cument /tydro/oer'oxia{e
lower than Thal for f—bu)‘,/l«/drd,oeroxia/e .

”eafaf"vevac avell mare The momen? larger.

¢yso7 (¢ /soa,"f.ﬁ'i}

ins )
‘mum value commes whes 2% 4 /“’-*-52-/.)7"/5 i,

};'j.IO.



Dipole m omenl values.

/( for "C‘ ‘t'bul‘yl /75"01[{6
and )[oy' t - buty/ hyo(ro/oez,

ba seod oO» C,. oole! 7[0'—

6 /’:ydrofjﬁﬂ Iaerox-'a(e .

\P /"(z:’— a"-l-bm-fla.b Cos‘f

<

/ P for first composnd b

mol wnowh g‘/.aer.‘m .

value qu u7uiu> ‘P‘-’sz°

ror |'d€ =

f‘(f, b“fy/ Ayd 10

71510 2%+ 2x1.71x1-01 Cos (o0

. 1.79D -

(‘v
Sree rotation value for' - gufy/hyd»o/au-axia(e

Ro-ot . o =fffor” + ) 51 cast(105°96) = 193D

~ // Soi ammd AN ke [im-‘l-incj
f\\ e Posf(:u'oks {mr the Ub'?q’t‘!m.
o LOMUpS Q'Lou.r\o‘\ 0-O
ok if Feett
\: axis im i ,t-bu.tj(reronda
120° v
T - (Zx'-OZS}n?S“)"%_rJ cgst:g Af

™ -
J

I

Wit

?’7 /].




C’umene hydro/oeroxia/e D//oo/e moment

PR

for structure 111

J“L = al*(-"l“b”()”*"v

Min [‘( comes when

LV + (6L + K-bv 'S min.(‘)
this is when x = .15

(COMPOJ"L with fF.'q IO.)
b =1.662:,10 =.288

re3ls- xCos20°
=<, 2.0 + x Sin20°

Putting alues 4

b,r and r inte (1) ’

we obtain:

f: ( 315 - ICo'alo")i(.bﬁ—*.lsg*.l(:Xfx.%:??

MO( min WV‘ flj:o
Ax

i So)\/:ng latl av
we obfain fv‘l tha * ASD
Same mafhod was wsed
for caleutating 2 arith
Skew sTrucfure .

= 1.77 D

A2

“



- Perlauric acid. Ilodel with ~./.,ydro§r€h

b@ﬁc{/ﬁlj.{Ctjué\‘f“e anrd 0(m05), and M 1/0/‘ (C




Per/aur/( ac/c{. D//DO/P moment
][or' model 11I .

p‘:(h*t"--"’—)‘* W v

» =166 5Sinl0" = 0.30
W =166Cos/0"= | 63

L‘ - z.ff Cos 62: - I.I‘ié
| = 2.55 8in62"= .25

o ;9_9/2\)
. M

.66

/}’}’Iomenﬁ %/\0" f“/‘,) (,'m;f;n 57‘/"44‘/—‘4"25
o / 7
” z

g-y an A R*cc\/g/,,

a ” é

a } M :V{‘.-rv‘.él)ti—(f* Wj‘ = 377%

$) N = Vh+v- 67.)'-4“/1"-&1)—;— =/.0720

Fig 14,




Per/a(ur/c acid . MomenT 7[0”
structure I .

< =) (e

Camka;«z wielh J/‘Tj; /Ocuu(/‘/,

M= 1. 96 D.

| iz

. ;t__L to the /D/Qhe OK f)u)‘lk‘.
3 f')f'aho( b as 7In ff /0».
r-a_na(/( as in 7:/’7‘

5@. 5.



7/l ustration of impaorlance 07{ measur menl

The € for pure solvenl when worm-nj witl
substances Aau:’ng very smiall mormenT.

(¥
okl

Condensor read.
O\‘i

A high D Sfor first solution will a,f/:nc/aé/}/
CAQWJQ fhe S{O/Je of the (ine and the D
for 4 solation will noT impreve The resull
as well as dowble doterminalion Ffor zaeq}.
nw il ¢s/o_¢cfa// when we may Qx/oec.f «
Small .SC'affer/nj ab[ the D,s around the

(ipe.

Fi. 16.



